INTRODUCTION
Heterochromatin was originally defined cytologically as chromosomal regions that stained strongly at prophase and maintained a compact organization throughout all stages of the mitotic cell cycle (HEITZ 1928) . In a wide variety of eukaryotes, large chromosomal segments, or even entire chromosomes, can be composed of heterochromatin. Constitutive heterochromatin is a ubiquitous and abundant component of chromosomes of higher organisms, forming about 5% of the genome in Arabidopsis thaliana, 30% in Drosophila and humans 30%, and up to 80% in certain nematodes and plants such as tomato (MORITZ AND ROTH 1976; PETERSON et al. 1998; DIMITRI et al. 2005) . Despite these fluctuations in abundance, similar unusual structural properties characterize heterochromatin in virtually all animal and plant species, which together led to the view of heterochromatin as a 'desert' of genetic functions (reviewed by JOHN 1988) . In the last two decades, however, genetic and molecular studies in Drosophila melanogaster have implicated constitutive heterochromatin in important cellular functions such as chromosome organization and inheritance, and have shown it to contain genes required for viability and fertility (GATTI and PIMPINELLI 1992; WILLIAMS and ROBBINS 1992; WEILER and WAKIMOTO 1995; ELGIN 1996; DERNBURG et al. 1996; KARPEN et al. 1996; EISSEMBER and HILLIKER 2000; HENIKOFF et al. 2001; COULTHARD et al. 2003; DIMITRI et al. 2005; FITZPATRICK et al. 2005) . These genes were identified by recessive lethal mutations genetically linked to the heterochromatin of chromosomes 2 and 3 (HILLIKER 1976; MARCHANT and HOLM 1988) and were mapped to specific region of mitotic heterochromatin (DIMITRI 1991; KORYAKOV et al. 2002) . Thus far, at least 32 essential genes have been mapped to the mitotic heterochromatin of chromosomes 2 and 3, but only a few of them, RpL5, light, concertina, rolled, RpL38,  Parp and RpL15, were satisfactorily characterized at the molecular level (HILLIKER 1976; DEVLIN et al. 1990; PARKS and WEISHOUS1991; BIGGS et al. 1994; ROLLINS et al. 1999; TULIN et al. 2002; MYSTER et al. 2004; MARYGOLD et al. 2005; SHULZE et al. et al. 2005) .
Notably, the presence of genes in heterochromatin, far from being a peculiarity of Drosophila, appears to be a conserved trait in the evolution of eukaryotic genomes. Heterochromatic genes have been recently identified in S. cerevisiae, S. pombe, rice, Arabidopsis thaliana and humans (KULN et al. 1991; ARABIDOPSIS GENOME INITIATIVE 2000; HORVATH et al. 2000; BRUN et al. 2003; NAGAKI et al. 2004) .
The release of the sequence of Drosophila melanogaster heterochromatin by the Berkeley Drosophila Genome Project (BDGP) has greatly facilitated the study of the molecular organization and function of heterochromatic genes. Initially, 3.8 Mb of about 120
Mb of the Drosophila melanogaster euchromatic genome sequence from release1 were found to correspond to heterochromatic sequences (ADAMS et al. 2000) . Later on, an improved whole genome shotgun assembly (heterochomatic-WGS3; HOSKINS et al. 2002) was produced by the Drosophila Heterochromatin Genome Project (DHGP), which includes 20.7 Mb of draft-quality heterochromatic sequence. About 450 gene models (CGs) have been identified by the annotation of this sequence (HOSKINS et al. 2002) . In the recent release 5 of D.
melanogaster genome sequence, the number of gene predicted in heterochromatin was estimated to be even larger (DHGP; G. KARPEN personal communication). Several studies have concentrated on an effort to map gene models to the mitotic heterochromatin of D.
melanogaster using BACs and P-elements (HOSKINS et al. 2002; CORRADINI et al. 2003; YASUHARA et al. 2003) . However, the location of several heterochromatic gene models in the heterochromatin genome of Drosophila melanogaster is still unclear at the present time and there is a need for further mapping studies.
To expand our current knowledge of genetic functions located in pericentromeric heterochromatin, we have performed detailed fluorescence in situ hybridization (FISH) mapping of 10 cDNA clones and 2 P-element insertions to mitotic and polytene chromosomes. The results of this analysis led to the cytological location in heterochromatin of 8 large scaffolds, which together account for about 1.4 Mb of sequence that contain 41 genes 6 models. The results of this analysis also extend our understanding of the correspondence between mitotic and polytene chromosome heterochromatin. Finally, Northern analysis demonstrated that, similarly to known essential genes, gene models located in heterochromatin can be expressed throughout all development, despite their location in a supposedly 'silent' region of the genome.
MATERIALS AND METHODS
Drosophila strains: Genetic markers, mutations and balancer chromosomes are described in LINDSLEY and ZIMM (1992) and at FlyBase (http://flybase.org/). Cultures were maintained at 25° on standard cornmeal-sucrose-yeast-agar medium.
Cytology: Mitotic and polytene chromosome preparations and FISH procedures were performed according to DIMITRI (2004) . The probes were labeled using a digoxigenin nicktranslation kit (Boeringher, Mannahaim); digoxigenin was revealed using an anti-digoxigenin rhodamine-conjugated IgG as described in DIMITRI (2004); plasmids carrying the cDNA inserts were used as probes.
cDNAs clones, gene models and P-element insertions: The cDNAs clones and heterochromatic gene models studied in this work are listed in Table 1 . We choose 10 cDNAs from scaffolds containing at least 2 or more gene models whose cytological locations in heterochromatin were not yet determined or were still rough at the time we started the experiments reported here. The complete sequences of the scaffolds are available at http://www.ncbi.nlm.nih.gov/. We mapped two P element insertions: l(2)309 and EY09264. (MYSTER et al. 2004 Figure 2A ) using a mixture of both RE37350 (CG17683) and GM16138 (CG40127) cDNA clones as the probe. This result was confirmed by FISH mapping of EY09264 P insertion (assigned to AABU01002711 by the Gene Disruption cDNA probe (CG10837) localized AABU01002740 (252 kb) with its 5 gene models (CG17514, CG40103, CG40163, CG10837 and CG40105) to region h48 of 3L (data not shown). The RE06111 cDNA clone (CG17419) mapped to region h58 of 3R heterochromatin ( Figure 2E ), and allowed us to localize AABU01002752 (122 kb) and its 3 genes (CG17419, CG40065 and CG41101) into this region.
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FISH mapping of cDNAs to polytene chromosomes:
FISH experiments using the cDNAs tested on mitotic chromosomes were also performed to salivary gland polytene chromosomes of the y; cn bw sp isogenic strain. The aim of these experiments was to confirm the chromosomal location of the clones that were mapped to mitotic heterochromatin and to learn more about the relationship between mitotic and polytene chromosome heterochromatin. The results are shown in Figure 1F , G, H and 2B). The SD19278 (CG12567) cDNA (scaffold AABU01002756; h35 distal-h36 proximal) produced a diffuse hybridization signal that maps to division 40D-F of 2L (Figures 1F and 2B) . A similar result was obtained with RE24541 (CG12567).
Six cDNAs were assigned to the proximal regions of the right arm of chromosome 2. The hybridization signal of RE36623 (CG40218) cDNA (scaffold AABU01002199; h41 of 2Rh)
is formed by multiple dots that map to division 41A and span the inner portions of the chromocenter ( Figures 1G and 2B) . Similarly, the signal of LD12604 (AABU01002549; h42 proximal) appears as a cluster of dots and maps to 41A ( Figure 2B ). The RE25729 (CG40191) cDNA (scaffold AABU01002750; h44 proximal), gave a clear fluorescence signal mapping to the distal portion of 41A ( Figure 2B ). This result apparently conflicts with previous finding suggesting that the mitotic regions h43-h44 do not undergo polytenization at all in salivary glands (KORYAKOV et al. 1996) . The probe containing a mixture of both GM16138 (CG40127) and RE37350 (CG17683) cDNAs (scaffold AABU01002711; h45 distal-h46 proximal) maps to 41B-C (Figures 1H and 2B), consistent with previous mapping (HOSKINS et al. 2002, Supplementaly Table 1 ). These results extend and confim our previous study (CORRADINI et al. 2003) , indicating that division 41C of salivary gland chromosomes originates from polytenization of DNA sequences located in h46, the most distal region of 2R mitotic heterochromatin. Finally, on chromosome 3, the FISH signal of RE54950 cDNA mapped to the inner portions of the 3L chromocenter; FISH with RE06111 (CG17419) cDNA (scaffold AABU01002752; h58 of 3Rh) produced a hybridization signal mapping to 81F.
BLAST analysis: Next, we wanted to identify human homologs of D. melanogaster heterochromatic gene models and study their chromosomal location in humans. To this aim, the putative protein sequence of 98 gene models assigned to heterochromatin (HOSKINS et al. 2002; CORRADINI et al. 2003; YASUHARA et al. 2003) , was used as query for BLAST-p search against human protein database. The results of this analysis are shown in Table 2 . The 14 genes located at the hetero-euchromatic transition region were also included in this group.
The results of this analysis indicate that about 70% of the putative proteins encoded by heterochromatin-linked gene models studied in this work share significant similarity with human proteins. It is worth noting that all conserved hits identify genes that are located in euchromatic regions of the human genome. In particular, among the human genes that have been mapped in detail (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM), 35% were found to be associated with G bands while 65% with R bands. The observed distribution may reflect the average gene distribution found in human chromosomes, in which R bands are more gene-enriched compared to G bands. (Table 1 and Table 2 ). Notably, the protein products encoded by 13 of these gene models are conserved in humans (see Table 2 Known genes and gene models in the heterochromatin of chromosome 2: The mapping results provided by the present work complement those obtained in previous studies (DIMITRI,1991; HOSKINS et al. 2002; CORRADINI et al. 2003; YASUHARA et al. 2003) , enabling us to construct a map of the heterochromatic genes located in chromosome 2 ( Figure   4 and Table 2 ). To date, 11 scaffolds, which together account for about 6 Mb of genomic DNA, have been mapped to the pericentric heterochromatin of chromosome 2. Thus, it emerges that this region contains at least 76 annotated genes, including 17 genes defined as essential by genetic analysis (HILLIKER 1976; DIMITRI 1991; reviewed by COULTHARD et al. 2004 and by DIMITRI et al. 2005) . Table 2 ) and together account for 3.5
Mb, which is reasonably close to the inferred size of this region (about 2.5 Mb).
From Figure 4 it emerges that most gene models are located in distal heterochromatin;
together, 54 gene models, carried by 7 scaffolds, map to regions h35-h36 on 2Lh and h45
(distal)-h46 on 2Rh, that together represent about 30% of chromosome 2 heterochromatin. By contrast, only 22 gene models, carried by 4 scaffolds, are present in the large h37-h45
(proximal) segment that accounts for about 70% of chromosome 2 heterochromatin. Finally, 14 more genes (scaffolds AE003787 and AE003786) have been included in the map, which are likely to be scattered somewhere at the transition region between heterochromatin and euchromatin.
Amongst the 76 heterochromatic gene models annotated on chromosome 2, seven corresponded to the known essential genes defined by genetic analyses: RpL5, light, concertina, rolled, RpL38, Nipped-B and Nipped-A (HILLIKER 1976; DEVLIN et al. 1990; PARKS and WEISHOUS 1991; BIGGS et al. 1994; ROLLINS et al. 1999; TULIN et al. 2002; MYSTER et al. 2004; MARYGOLD et al. 2005) . Thus, a significant portion of essential genes mapped to chromosome 2 heterochromatin (Figure 4 ) still need to be identified molecularly.
Notably, among those genes, l(2)41Ad is the only known vital gene mapping to region h44
(DIMITRI 1991) and may be implicated in proper morphogenesis of the legs and wings (HILLIKER 1976; DIMITRI et al. 2005) . Region h44 contains at least five gene models (CG17691, CG40067, CG40068, CG40388 and CG40390) carried by AABU01002750, but, at present, there are no molecular data linking any of them to l(2)41Ad. Notably, CG17691, CG40068, CG40390 encode polypeptides which share similarity with known human proteins, that are apparently not related to morphogenetic functions (Table 2) . Interestingly, l(2)41Ad is highly mutable in I-R dysgenesis (DIMITRI et al. 1997) Previous works identified vital genes and gene models in the heterochromatin of chromosome 3 ( MARCHANT and HOLM 1988; KORYAKOV et al. 2002; HOSKINS et al. 2002; CORRADINI et al. 2003; reviewed by FITZPATRICK et al. 2005 (Table 2 ) and may correspond to zep. In fact, the zep product was suggested to be involved in cell-cell adhesion (FITZPATRICK et al. 2005) , which is consistent with the finding that ankyrin repeats can be found in cell-cell interaction proteins (MOSAVI et al. 2004 ).
As shown in Table 2 , some of the products encoded by gene models share significant identity with known proteins from humans and other organisms. However, gene models and essential genes in D. melanogaster heterochromatin do not apparently have molecular functions that would distinguish them from genes located in euchromatin (HOSKINS et al. 2002) . Essential genes are on average significantly larger than euchromatic genes, due to the occurrence of long introns enriched in transposable element (TE)-related DNA sequences (DEVLIN et al. 1999; TULIN et al. 2002; HOSKINS et al. 2002; DIMITRI et al. 2003) .
Surprisingly, though some of the gene models mapped to heterochromatin are also large, such as CG40130 (54 kb), CG40129 (55 kb), CG17514 (45 kb) and CG40080 (34 kb), this does not seem to be a general rule. For example, with the exception of rolled (CG12559) which is large (about 50 kb), most genes carried by scaffolds AABU01002199 and AABU01001947
(region h41) are shorter than 6 kb, and six of them are even very short (< 600 bp). A similar situation is found in scaffolds AABU01002549 and AABU01002750.
Several hypotheses could explain these observations. First, during evolution, older genes in heterochromatin may increase their size due to TE insertions in the introns. If that is the case, then it would follow that short gene models in heterochromatin are younger, or, in other words, have recently "moved" to heterochromatin. Second, genes in heterochromatin may be differentially targeted by TEs, with some genes being somehow more refractory than others. Third, there might be a selective pressure to maintain some genes of short size in heterochromatin due to particular functional properties. Highly expressed genes tend indeed to have substantially short introns than those expressed at low levels (CASTILLO-DAVIS et al. 2002) . In this regard, is it worth noting that three highly expressed ribosomal protein genes,
i.e. RpL38, RpL5 and RpL15, all of short size, are located in heterochromatin (MARYGOLD et al. 2004; SHULZE et al. 2005) . However, we did not detect significant differences in the Here, we report that 70% heterochromatic gene models of chromosome 2 encode putative proteins sharing significant similarity with human proteins (Table 2) . However, the corresponding human orthologues are invariably located in euchromatin. Although the function and regulation of known heterochromatic genes and their homologues in other eukaryotes is far from being elucidated, these data suggest that a heterochromatic location may not be crucial for the proper function of a given gene.
Developmental expression of heterochromatic gene models:
We also analyzed heterochromatic gene expression throughout the Drosophila life cycle in Northern experiments (Figure 3) . RNAs for the vital gene Nipped-A and 15 gene models were found to be transcribed in embryos, larvae, pupae and adults. Although much remains to be learned about the number, structure, regulation, and evolution of heterochromatic genes, some interesting features are beginning to emerge from the developmental expression of gene models resident in pericentric heterochromatin. In particular, our observations indicate that, similarly to Nipped-A, the expression of the heterochromatic gene models studied here is not limited to specific stages, but is present throughout development. This is also true for vital heterochromatic genes such as light, rolled, RpL5, RpL38, RpL15, Nipped-B and Parp (BIGGS et al. 1994; ROLLINS et al. 1999; TULIN et al. 2002; MARYGOLD et al. 2005; SHULZE et al. 2005 ). This finding is consistent with the idea that genes resident in heterochromatic environment can code for essential functions.
Correspondence beetwen mitotic and polytene chromosome heterochromatin.
In D. melanogaster polytene tissues, the heterochromatic regions from all chromosomes aggregate to form a cytological structure called the chromocenter. Two cytological domains of heterochromatin can be distinguished in the chromocenter (Heitz 1934 ): α-heterochromatin, which corresponds to a small compact region located in the middle of the chromocenter and undergoes little if any replication during polytenization (GALL et al. 1971) , and β-heterochromatin, a diffusely banded mesh-like material which lies between euchromatin and α−heterochromatin and is extensively polytenized (ZHANG and SPRADLING 1994; BERGHELLA and DIMITRI 1996) . The assembly and organization of the chromocenter represents one of the most intriguing aspects in the mitotic to polytene chromosome transition. Although the structural relationships between mitotic and polytene chromosomes have been analyzed in several studies, only a few have focused on the correspondence between mitotic and polytene chromosome heterochromatin (KORYAKOV et al. 1996) .
Here, we report the mapping of 10 cDNAs to mitotic and polytene chromosome heterochromatin. All tested probes on polytene chromosomes produced hybridization signals of significant fluorescence intensity, indicating that the corresponding gene models undergo polytenization, at least to some extent. This observation is consistent with previous findings showing that single-copy genes located in deep heterochromatin are extensively polytenized (DEVLIN et al. 1990; BERGHELLA and DIMITRI 1996) , in contrast with satellite DNA blocks that fail to undergo polytenization and exemplify the well-established paradigm of heterochromatin underreplication. In addition, several cDNA probes produced heterochromatic FISH signals splitted into two. A similar pattern was produced by some PZ heterochromatic insertions (ZHANG and SPRADLING 1995) and by the rolled cDNA (BERGHELLA and DIMITRI 1996) , and suggests that sister chromatids retain their identity within the chromocenter (ZHANG and SPRADLING 1995) .
Our cDNA mapping may have an intersting outcome for studying the correspondence between mitotic and polytene chromosome heterochromatin of chromosome 2 (Figures 2 and   5 ). On 2Lh, polytenization of sequences in region h35 distal and h36 proximal contributes to division 40D-F. This correspondence is consistent with the previous finding by KORYAKOV et al. (1996) showing that region h35 corresponds to division 40D-F. In the same study (KORYAKOV et al. 1996 ) the authors also suggested that h46, the most distal region of 2Rh, corresponds to division 41C. More recently, we have extended this observation and shown that polytenization of DNA sequences located in h46 contribute to form division 41C-D (CORRADINI et al. 2003) . Moreover, we found that, in the very proximal heterochromatin of 2R, sequences from the large h41-44 portion contribute to form polytene division 41A, while sequences located at h45-h46 transition can contribute to polytene division 41B.
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Figure. 5 Mitotic and polytene chromosome heterochromatin correspondences
Summary map, based on results from this and previous work (DEVLIN et al. 1990; KORYAKOV et al. 1996; CORRADINI et al. 2003; YASUHARA et al. 2003) , depicting the physical correspondence beetween the mitotic and polytene chromosome heterochromatin of chromosome 2. Gray areas indicate correspondences; white areas identify regions where correspondences are nor clearly defined. 
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Scaffold lenght is indicated in parenthesis. Scaffolds numbers and gene model annotations were according to release 5 sequence (www.dhgp.org; DHGP, manuscript in preparation).
